Pneumatic vibration isolator is achieved through either passive or active control system, which offers the simple and reliable means to reduce the vibration of a platform system due to a vibration environment.
Introduction
The vibration isolation mechanical systems are very important for the higher productivity, the improvement of quality control and the safety. The vibration isolation isolator, which are applied in the optical experiments, the semiconductors manufacturing and the precise measuring instruments, are intended to isolate the motion from the fl oor vibration. The isolators are also intended to provide some degree of force disturbance rejection, where the load is generated by itself or from the external sources [1] . A stiff table top, stiff legs and relatively flexiblz vibration isolators form the key components of the isolation tables. Some designs use isolators with the air-filled chambers, the diaphragms and the pistons [2] .
Vibration isolation systems can be categorized as active and passive styles, depending on whether the external power required or not [3] , [4] . The passive vibration isolators offer the simple and reliable means to protect mechanical systems from a vibration environment, which are inherent the performance limitations that can't be overcome. On the other hand, the active vibration isolators, with the effective parameters according to the excitation and the response characteristics of the system, can provide significantly enhanced vibration isolation performance [5] .
ER fluid is a kind of fluid whose rheological characteristics change corresponding to the strength of the electric field [6] , [7] .
Reference [6] provides an excellent summary of the theory and applications of ER fl uid. Conventionally, ER fluids refer to the particle-type ER fluids which show Bingham characteristic. Many papers on the application of ER fluids and the design of a damper have been published [8] - [12] . Reference [9] presents a friction-type ER damper, and applies it to dissipate vibratory energy of robots. Reference [10] uses ER fluid to control the stiffness of a robotic finger. Reference [11] utilizes ER fluid to adjust stiffness of joint for improving the safety and operability of a biomicromanipulator.
Reference [12] develops a torque-controllable ER clutch with high/inertia ratio, and shows that the ER clutch is suitable for a force display system. On the other hand, a homogeneous-type ER fluid which have been developed using macromolecular liquid crystal, exhibits the characteristics of Newtonian fluid. Takesue [13] et al. utilized this kind of ER fluid to provide viscous damping for the precise position control of robot arms, and show effective improvements on positioli precision and stability.
Due to the pnouinatic system mathematical model is time-variant and non-linear control, the mathematical model must be built up and linearized for the simulation analyzed. In this paper, the pneumatic vibration isolator is designed and experimented. Then, the homogeneous ER fluids embedded in the pneumatic vibration isolator is studied, simulated and compare the transmissibility with the pneumatic vibration isolation. The experimental equipments are designed to measure the transmissibility of the passive and the active pneumatic vibration isolator system, as shown in the Figure 1 . The pneumatic vibration isolator locates on a fl at base connecting to a vibration source. The hydraulic servo cylinder served as the small vibration generating unit. The chambers of the pneumatic vibration isolator are pressurized with air, a load is supported by the air chamber. The position sensors located between the load and the base of the pneumatic vibration isolator. The motion of the load and the base can be measured by the position sensors, which signals are fed back to the computer. The computer acts as a controller and performs the arithmetic operations of the control signals. For the active control, the measured signals can be calculated in the controller and the control signal is sent by the computer to the pneumatic servo valve to regulate the air presume in the top chamber and to reduce the vibration. The mathematical models of the pneumatic vibration isolators are based on the non-linear models of a servo pneumatic cylinder, because the isolator chambers are the same as the cylinder chamber. The models of the servo pneumatic cylinders were first proposed by Shearer [14] . These models include the enthalpy equations for the pneumatic chambers, a flow equation through the restrictor and the motion equation of the piston under load. The linear model can be derived from the non-linear model, which facilitate the analysis of a pneumatic vibration isolator. Harris and Crede [15] proposed the first linear model of the pneumatic vibration isolator. A linear model of the pneumatic vibration isolator is derived by DeBra [1] . The mathematical model of the pneumatic vibration isolator in Figure 1 consists of the thermodynamic equations for the top and the bottom chambers and the motion equation of the piston under the load. The air flows through the restrictor and the mathematical models are non-linear due to the compressibility of the air. This nonlinear characteristic complicate the analysis of the system. However, the linearzation of the model are derived via Taylor seri, u, expansion. The pneumatic vibration isolation system is analyzed according to the following The coefficient of the air spring constant for the pneumatic cylinder can be also applied in a pneumatic vibration isolator with the small displacement, which can be written as:
where y is the specific heat of the air, Pi is the static pressure of the pneumatic vibration isolator, Vi is the volume of the pneumatic vibration isolator and Ap is the area of the piston.
The time constant of the pneumatic servo valve is very fast relative to that of the pneumatic cylinder, therefore the transfer function can be simplified as a first order equation (2) where Kv s the gain constant of a servo valve, x., is the displacement of a servo valve, nd Tv is the time constant of a servo valve.
By the thermodynamics first law, the total energy consists of the internal energy of the gas at the particular temperature, and the energy gained or lost by the gas as a result of its compression or expansion. This is expressed as the rate change of the enthalpy and shown in the equation (3): where H is the rate change of the total energy, U is the rate change of the internal energy, E is the rate change of the energy gain or lost, C p is the specific heat at constant pressure, and T is the temperature.
The rate change of the internal energy of the gas and the rate change of the energy gain or lost in the gas can be written as:
where C,, is the -pecific heat at co-stant volume, It is the characteristic gas constant , Pt is the pressure of the top chamber, vt is the volume of the top chamber. After substituting equation (4) into (3), and rearrangement using the expression 1/R=1/ C p + l /(nR), the equation for the top chamber can be written as:
where mt is the rate change of the mass flow in top chamber.
For the bottom chamber, modified from equation (5) and written as the equation for the bottom chamber can be written as: (6) where mb is the mass flow rate , Vb is the volume, and Pb is the pressure of the bottom chamber.
Since the volume of the bottom chamber is constant( Vb = 0 ), the equation (6) can be simplified as:
Equation (5) and (7) constitute a model for the top and bottom
The mass flow rate, mt , in the top chambei and the mass flow, nib , rate in the bottom chambers and the volume of the top chamber, Vt, are defined as where mtb is the air flow rate through the restrictor connecting the top chamber and the bottom chamber, the m is the air flow rate, through the servo valve, Ais the area of the piston, vt0 is the original volume of'he top chamber, X p is the position of the load, and Xbase is the position of the platform respectively. The mass flow rate through the restrictor connecting the top and bottom chambers in equation (8) and (9), mtb , is defined as The equation (11) is valid when 1/d>10 and Re>2000. Finally, the equation for the piston motion is obtained by using the Newton's second law.
where M is the mass of the load,Patmis the atmospheric pressure, and g is the acceleration of gravity.
The linear model is derived by performing a Taylor series expansion of the non-linear model around the nominal point. which corresponds to the static equilibrium position of the load. The state variables in this model are the differential pressures of the top and bottom chambers, 8P and 8P, , and the differential displacement and the differential velocity of the load, 8x p and 8vp.The nominal state for the system corresponds to the constant pressure in chamber under the load and the static equilibrium position of the load. The Taylor series expansion of these equations yields the following linear model for the pneumatic vibration isolator:
For the passive system, the air flow rate through the servo valve is zero. The transfer function can be obtained by using the analysis of the response of a system for the frequency inputs.
In where From equation (16), the denominator of the transfer function is a third order differential equation. Owing to the non-linen and time-variant characteristics of the pneumatic system, the transfer Iun;. ion is used as the reference. Figure 3 shows the experimental results and the nature frequency is about 6 Hz, the transmissibility is 4. Owing to the effect of the adaptive servo valve control is not so effective, which can reduce the transmissibility to be 2 only. Therefore, one try to study the system with ER fluid. ER fluid is a fluid which changes its apparent viscosity according to the strength of the electric field, and its main feature include a fast response rate and low power consumption, among others. In terms of apparent characteristics, the ER fluids being developed may be roughly classified into two types: particle type and homogeneous type A. Particle-type ER fluids ER fluids of this type are colloidal fluids which are solvents containing dispersed particles. Their characteristics are shown in Figure 3(a) . The horizontal axis represents shear rate, while the vertical axis indicates shear stress, and the characteristics change with the electric field E. It is seen from this figure that the ER fl uid exhibit the characteristics of a Newtonian fluid when there is no electric field, but that they reveal the characteristics of a Bingham fluid when an electric field is applied. In others words, these kinds of ER fluid behave very much like Coulomb friction.
B. Homogeneous-type ER fluids ER fluids of this type have been developed by suing low-mol ecuk. liquid crystal or macromolecular liquid crystal. This type of fluid exhibits characteristics as shown in Figure 3(b) . Shear stress nearly proportional to shear rate is generated, and its slope, namely, viscosity, can be controlled by electric field. As a result, it is possible to acquire a damping force in response to shear rate under an electric field. The mode of operation for vibration control was suggested by Stanway, et al., that it is convenient to envisage devices incorporating the ER fluids as a form of a modulator. A pure modulator is defined [ 16] as a device that stores no energy, in which the flow of energy between tow ports can be controlled by an energy input at the third pert. This ar: angement is illustrated for a smart fluid in Figure 4 . In the control of mechanical vibration, ports 1 and 2 would typically Yepresent mechanical power as the product of force and velocity. Port 3 would represent the control input through the applied electric field. Figure 5 shows that there are three ER vibration control mock s. In the flow mode of operation, Figure   5 (a), the ER fluid is contained between a pair of stationary electrodes. The resistance to flow of the fluid is controlled by varying the electric field. Figure 4 , the hydraulic power input is applied at port 1. The corresponding power output emanates from port 2.
Control is applied in the form of an electric field through port 3. As an alternative to the flow mode of operationf or vibration control, it is possible to allow relative motion, translation or rotation, between the electrodes, as in Figure 5(b) . Such motion places the ER fluids in shear, and since the shear stress/shear rate characteristics can be varied continuously through the applied field, this arrangement forms the basis of a simple, controllable damping device. The third mode of operation, called squeeze-flow, is illustrated in Figure 5(c) . Here, the electrodes are used to translate in a direction roughly parallel to the direction of the applied electric field. In this study, the flow mode shown in Figure 6 is used as the damper embedded in the pneumatic vibration isolator. When an electric field is applied, the ER damper behaves like an ordinary orifice restriction damper. Its pressure drop consists of two parts: the first port is the restriction pressure drop, caused by the orifice restriction: the second port, caused by the sudden changes in flow cress section and direction, and the effect of fluid hammer, is called the impact pressure drop. The restriction pressure drop could be calculated from viscous steady flow passing through the plates is Equation (17) is a laminar flow model of viscous flow through parallel plates. Base on analysis, the Reynolds number of the ER fluid passing through the orifice is less than 20. Therefore, the flow is laminar. Thus, the pressure drop caused by orifice restriction can be written as:
Where PA and PB are the inlet and outlet pressure, h is the separation of the plates, B is the width of the plates, 1 is the length of the plates, and p is the ER fluid viscosity will Al is a function of the electric field.
When the electric field is applied in the electrodes, the damping force of the ER damper can be expressed as: Figure 7 . The cd is the coefficient of the damping of the ER fluid. The transfer function of the system can be written as:
After applying the variant damping force of the ER fl uid in the pneumatic vibration isolator, the peak value of the transmissibility can be reduced and the simulation results are illustrated in Fig. 8 . It can be seen that the transmissibility is lower with the higher electric filed of ER damper.
By using ER control, one can reduce the transmissibility at the resonant frequency. The higher the damping in the system, the lower transmissibility of the isolation of the system. 
